We have investigated the role of the carbohydrate moiety in the biological activity of fibronectin in vitro by using tunicamycin to inhibit the glycosylation of this glycoprotein. Tunicamycin is a glucosamine-containing antibiotic that specifically inhibits glycosylation of protein asparaginyl residues mediated by dolichol pyrophosphate. Fibronectin synthesized in the presence of 0.5 ptg of tunicamycin The role of the carbohydrate moiety covalently attached to proteins is not known. In previous studies, inhibition of glycosylation of fibronectin, a major cell surface glycoprotein (also known as CSP or LETS), did not affect its synthesis or secretion (1-4). Similar results have been obtained for other glycoproteins (5-7). These results left the possibility that the biological activities (e.g., the cell surface adhesive interactions affected by fibronectin) might require the carbohydrate moiety.
The role of the carbohydrate moiety covalently attached to proteins is not known. In previous studies, inhibition of glycosylation of fibronectin, a major cell surface glycoprotein (also known as CSP or LETS), did not affect its synthesis or secretion (1) (2) (3) (4) . Similar results have been obtained for other glycoproteins (5) (6) (7) . These results left the possibility that the biological activities (e.g., the cell surface adhesive interactions affected by fibronectin) might require the carbohydrate moiety.
Because tunicamycin inhibits the glycosylation of fibronectin (1), the major cell surface glycoprotein of chicken embryo fibroblasts, we used this antibiotic to evaluate the influence of the carbohydrate moiety on many of the known biological activities of fibronectin. This protein is an adhesive glycoprotein that helps maintain normal cell morphology, cell surface architecture, and cell interactions in cultured cells (2, 3, (8) (9) (10) (11) .
We present evidence that the carbohydrate moiety is not required for these biological activities mediated by fibronectin in cell culture and in assays for cell adhesiveness. In addition, we directly confirm a previous suggestion, based on in vivo studies, that nonglycosylated fibronectin is more susceptible to proteolytic degradation than the glycosylated protein (1) .
MATERIALS AND METHODS
Cell Culture. Secondary chicken embryo fibroblasts (CEF) were cultured in plastic tissue culture dishes in Ham's FlO medium supplemented with 10% (vol/vol) tryptose phosphate broth, 5% (vol/vol) heat-inactivated calf serum, 0.056% sodium bicarbonate, 50 units of penicillin per ml, 50 Ag of streptomycin per ml, and 2 mM glutamine as described (1, 12) .
Isolation of Fibronectin. Confluent primary cultures were preincubated for 3.5 hr in culture medium with or without 0.50 ,ug of tunicamycin per ml. Cells were passaged with 0.25% trypsin, replated at the same cell density in the preincubation medium, and incubated for 24 hr. Control and tunicamycintreated cultures were homogenized separately in 50 mM sodium phosphate, pH 11.0/1% Triton X-100, and the pH was readjusted to 11.0 with NaOH. The homogenates were centrifuged at 100,000 X g at 4°C for 1 hr to sediment insoluble material. The supernatant was diluted 1:10 with 100 mM Na phosphate, pH 7.0/1% Triton X-100/50 mM NaCl. Fibronectin was isolated from the homogenates by incubation with antifibronectin covalently coupled to Sepharose 4B. The column was washed with 5 vol of 0.1 M borate buffer, pH 8.5/0.5 M NaCl. The supernatant containing fibronectin was slowly applied to the column (10 ml/hr), and unbound material was eluted with the 0.1 M borate buffer. Nonspecifically adsorbed protein was eluted from the resin with 0.1 M borate buffer, pH 8.5/0.5 M NaCl. Fibronectin was then eluted from the resin with 0.2 M acetic acid, pH 2.9/0.5 M NaCl. The eluates were immediately adjusted to pH 11.0 with NaOH, dialyzed overnight against buffer A (0.15 M NaCl/1.0 mM CaCl2/10 mM cyclohexylpropane sulfonic acid, at pH 11.0) and stored in 200-yl aliquots at -60°C.
Protein Synthesis and Glycosylation. Protein synthesis was measured by the incorporation of L-[ U-'4C]leucine (2 ,Ci/ml, 1 Ci = 3.7 X 1010 becquerels). Glycosylation of fibronectin and total macromolecular trichloroacetic acid-insoluble material were measured by the incorporation of D-[U-'4C]glucosamine (2 tiCi/ml) and D-[2-3H]mannose (0.5 ,Ci/ml) and also by amino sugar analysis (13) . Radioactively labeled fibronectin was immunoprecipitated from cell homogenates and homogenized in 2% sodium dodecyl sulfate as described (1, 4, 12) .
Sodium dodecyl sulfate gel electrophoresis was performed with 1-mm-thick polyacrylamide slab gels according to the method of Laemmli (14) with stacking gels of 4% acrylamide and resolving gels of 7.5% acrylamide as described (1, 4, 12, 15) . Gels were stained with Coomassie blue and destained in 7% acetic acid. The polypeptide band corresponding to fibronectin was cut from the gel and dissolved in 1.5 ml of 30% hydrogen peroxide. Radioactivity was measured by liquid scintillation 3343 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. Cells were incubated for 24 hr with the radioactive precursors in medium with and without tunicamycin. Then fibronectin was immunoprecipitated and electrophoresed, and radioactivity was quantitated. The data presented represent the average of three experiments (plus and minus represent the range). In a typical experiment with 0.5,ug tunicamycin per ml, the amount of [14C]leucine incorporated into total acid-precipitable material was 1365 cpm/,gg of protein for untreated cultures and 954 cpm/,ug of protein for tunicamycin-treated cultures. To correct for this difference in inhibition (27%) of protein synthesis, we applied 52 ,l of tunicamycin-treated cell homogenate to the gel compared to 40 Al of the untreated cell homogenate.
Similar aliquots were used for determination of the percentage inhibition of glucosamine or mannose incorporation into total acid-precipitable material. The percentage inhibition of leucine incorporation into fibronectin was determined by dividing the cpm in fibronectin from tunicamycin-treated cultures by that found in fibronectin from untreated cultures. The percentage inhibition of glucosamine or mannose incorporation into fibronectin was determined by dividing the glucosamine/leucine ratio of tunicamycin-treated culture by the glucosamine/leucine ratio of untreated cultures. We emphasize that the inhibition of glycosylation is therefore expressed as the inhibition for the fibronectin actually synthesized and not merely as inhibition of overall carbohydrate incorporation into fibronectin. spectrometry after dilution to 20 ml with Aquasol (New England Nuclear).
Other Procedures. Affinity-purified goat antibodies against fibronectin were covalently coupled to CNBr-activated Sepharose (Pharmacia) at a ratio of 10 mg of antibody protein per g of hydrated gel following the procedures recommended by the company (Pharmacia). Hemagglutination of formalinized sheep erythrocytes and effects of fibronectin on cell spreading and morphology were assayed as described (15, 16) . Protein was determined by the method of Lowry et al. (16) , with bovine serum albumin as protein standard.
Materials. Tunicamycin was a gift from Gakuza Tamura via the Drug Evaluation Branch of the National Cancer Institute. Cellular fibronectin was isolated from cell homogenates by antibody-affinity chromatography. Protease (Pronase) digestion of fibronectin was carried out as described (17) . According to this procedure, fractions containing 50 yg of protein were lyophilized and resuspended in a solution containing 250 ,ul of 1 mM Tris.HCl (pH 8.0), 100 Al of a 1% solution of protease, and 10 mM CaCl2. The digestion was carried out for 48 hr at 37°C. Preparations were protected from bacterial contamination by periodic addition of a drop of toluene. The liberated amino acids were separated from the glycopeptides by Bio-Gel P-6 (200-400 mesh, Bio-Rad Laboratories) gel filtration chromatography on a 1 X 60 cm column as described (17) . The glycopeptide fractions were lyophilized, and the monosaccharides were released by hydrolysis in 4 M HCl by heating in a boiling water bath for 12 hr. The hydrolysate was neutralized with NaOH and assayed for amino sugar content (13) . The N-acetylglucosamine standards were also treated with 4 M HCl and neutralized before amino sugar analysis. We plotted the entire spectrum of the reaction mixture and obtained a single peak at 530 nm; this indicates that all the acetylated hexosamines had been completely hydrolyzed and that glucose and fructose were not present in the reaction mixture (13 Fig. 1 , in which it is evident that fibronectin isolated from tunicamycin treated cells migrates with an apparent molecular weight (Mr approximately 209,000) less than that of the glycosylated protein (220,000) (Fig. 1A) . Furthermore, the lower Mr species of fibronectin did not incorporate mannose (Fig. 1B) or glucosamine (Fig. 1C) subsequently stained with Coomassie blue, sectioned into 1-mm slices, and dissolved in 30% hydrogen peroxide. Radioactivity was measured in Aquasol (New England Nuclear) by liquid scintillation spectrometry. Gels were calibrated for molecular weight with the following standards: chicken gizzard filamin, Mr 250,000 (a gift from P. Davies); rabbit skeletal muscle myosin, Mr 200,000; RNA polymerase, Mr 150,000 and 160,000; phosphorylase a, Mr 94,000; bovine serum albumin, Mr 68,000; and ovalbumin, Mr 43,000.
hemagglutinating activity. Second, we performed reconstitution experiments in which fibronectin was added to transformed cells deficient in this glycoprotein and measured its capacity to restore the fibroblastic morphology characteristic of nontransformed cells. Third, we evaluated fibronectin in assays for cell attachment to collagen and cell spreading.
Purified nonglycosylated fibronectin agglutinated formalinized sheep erythrocytes (Fig. 2) . It was as effective as the glycosylated protein, with half-maximal agglutination produced by 2-4 jig of protein per ml. This finding indicates that the carbohydrate moiety of fibronectin is not required for its hemagglutinating activity. fibronectin, respectively: 1, 500 ,gg/ml; 2, 250 jg/ml; 3, 125 ,g/ml; 4, 62 ,ug/ml; 5, 31 jg/ml; 6, 16 ,ug/ml; 7, 8 iig/ml; 8, 4 ug/ml; 9, 2 ,g/ml;
10, 1 Ag/ml; 11, 0.5 ,gg/ml; and 12, no additions except phosphate- Another approach to the evaluation of the role of the carbohydrate moiety of fibronectin in mediating biological effects is to reconstitute it on the surfaces of transformed cells on which it is greatly diminished (20) . For these studies, fibronectin was added to the culture medium to various concentrations as described (9) . Nonglycosylated fibronectin markedly altered the morphology of simian virus 40-transformed 3T3 cells in culture (Fig. 3) . Control cultures receiving control buffer alone showed no morphological changes (Fig. 3A) . The morphological alterations induced by the addition of fibronectin include cell flattening, elongation of processes, and parallel alignment of cells, resulting in a more fibroblastic appearance (Fig. 3 B and  C) . No differences were found between the glycosylated and nonglycosylated protein either qualitatively or quantitatively with respect to restoration of the normal fibroblastic morphology. Both species of fibronectin were effective at concentrations as low as 1 pg/ml. Glycosylated and nonglycosylated fibronectin were also compared with respect to their capacity to promote the spreading of baby hamster kidney (BHK) cells on the surface of plastic tissue culture dishes (21) . The extent of cell spreading in the presence of various concentrations of purified glycosylated and nonglycosylated fibronectin is shown in Fig. 4 . It is apparent that nonglycosylated fibronectin is as effective as the glycosylated protein in promoting cell spreading, with halfmaximal effects at a protein concentration of 1 ,g/ml.
Finally, glycosylated and nonglycosylated fibronectin were compared with respect to collagen binding and cell attachment. Fibronectin mediates the attachment of certain fibroplastic cells to collagen-coated substrata in tissue culture (22, 23) . The nonglycosylated protein was equal in activity to the glycosylated protein in mediating attachment of Chinese hamster ovary (CHO) cells to dishes coated with type I collagen (Fig. 5) .
Previous studies on the effects of tunicamycin on fibronectin suggested that the carbohydrate moiety was required to stabilize this protein against proteolytic degradation (1) . To whether nonglycosylated fibronectin is inherently more sensitive to proteases than the glycosylated protein, we incubated both species of the isolated protein with protease (Pronase). The rate of release of trichloroacetic acid-soluble ['4C]leucine from each preparation is shown in Fig. 6 (0) or nonglycosylated (0) fibronectin: 0jig/ml (control), 1 ug/ml, 5 ,ug/ml, and 10 jsg/ml. Cell spreading at each concentration was scored by counting 250 cells and calculating the percentage of cells that were fully spread (no longer refractile by phase contrast microscopy and surrounded by a continuous zone of lamellar cytoplasm). The error bars represent the range.
increases cell-cell and cell-substratum adhesiveness in a variety of cellular adhesion assays (2, 3, 8, 9, 11, 12) . Consistent with this function, the reconstitution of purified fibronectin on transformed cells results in reversion to a more normal fibroblastic morphology, adhesiveness, cell surface architecture, motility, microfilament bundle organization, and alignment at confluence (2, 3, 8, 9, 11, 12 In a previous study from this laboratory, we demonstrated no requirement for the carbohydrate moiety in the secretion of fibronectin (1) , and in the present study we show that the carbohydrate does not appear to perform a specific biological function. However, although the carbohydrate unit is not required for the secretion or adhesive biological activity of fibronectin, it appears to stabilize the protein against proteolytic degradation (1). In addition, its covalent attachment to the protein may still serve some undetermined general or specific function. For example, the carbohydrate unit may be required for increased solubility (24) or for receptor or immunological specificity (7, 25, 26) .
The findings reported here are consistent with earlier studies that suggested that several enzymes have biological activities that appear to be independent of the bound carbohydrate (27) . However, most of these studies involved the destruction of the carbohydrate moiety with glycosidases or periodate. These types of studies are important but are not definitive because not all of the carbohydrate units are removed or destroyed by these procedures. In addition, more recent studies with tunicamycin have shown that the carbohydrate moiety of the vesicular stomatitis virus glycoprotein is not required for the specific infectivity of the virion (28) .
The effect of the carbohydrate moiety on solubility and sensitivity to proteases suggests that it is important to preserve the structural features of the glycoprotein but may have no other functional significance.
